The Patient State Index (PSI) uses derived quantitative electroencephalogram features in a multivariate algorithm that varies as a function of hypnotic state. Data are recorded from two anterior, one midline central, and one midline posterior scalp locations. PSI has been demonstrated to have a significant relation to level of hypnosis during intravenous propofol, inhalation, and nitrous oxide-narcotic anesthesia. This multisite study evaluated the utility of PSI monitoring as an adjunct to standard anesthetic practice for guiding the delivery of propofol and alfentanil to accelerate emergence from anesthesia.
THE Patient State Index (PSI) was developed as a measure of hypnosis during anesthesia delivery. The PSI is based on quantitative electroencephalogram features, recorded from anterior and posterior scalp sites, as input to a multivariate algorithm that quantifies the most probable level of hypnosis. The PSI has a range from 0 to 100, with decreasing values indicating increasing levels of hypnosis. It has been demonstrated that the PSI has a significant relation to level of hypnosis, as measured by standard scales for quantifying level of alertness and sedation during intravenous propofol anesthesia as well as during inhalation anesthesia using isoflurane, sevoflurane, and desflurane. 1 The PSI algorithm was constructed following a systematic study of the quantitative electroencephalogram changes that accompanied loss and return of consciousness and the most probable underlying sources of those changes, leading to hypotheses about the role of cortical and subcortical structures-systems in the maintenance of the conscious state and the development of the algorithm (Appendix). [1] [2] [3] [4] The sensitivity of this index is in part due to the use of a self-norming technique used in the development. This method, called neurometrics, takes into account differences in individual background electroencephalograms as well as individual variability of the brain's response to anesthetic agents, 5, 6 thereby enhancing sensitivity to change by reducing variance within each individual patient.
The use of electroencephalogram-derived multivariate measures of level of hypnosis to guide propofol delivery during surgery has been previously reported using a bispectral index (BIS). [7] [8] [9] We describe a multiple-site prospective study of the clinical utility of PSI as a monitor of hypnosis level during surgical procedures using an intravenous propofol-based anesthetic regimen. Specifically, the aim of this study was to determine if monitoring of hypnosis using the PSI could reduce drug dosage and hasten recovery without increasing incidence of adverse events.
Materials and Methods
This study was a multicenter (six centers) prospective randomized clinical study in which PSIs were recorded continuously throughout the period of anesthesia delivery. The efficacy of guiding the conduct of general an-esthesia using the PSI was compared with anesthesia administered according to standard practice guidelines. A total of 306 American Society of Anesthesiologists physical status I-III consenting adult patients of either gender were enrolled and completed the study. Institutional review board approval and signed informed consent were obtained at each institution. Inclusion criteria were as follows: males and females between the ages of 18 and 80 yr, American Society of Anesthesiologists physical status I-III, who were undergoing elective surgical procedures scheduled for at least 30 min and who were able to read the consent form. Patients were excluded if they had scalp or skull abnormalities (psoriasis, eczema, angioma, scar tissue, burr holes, cranial implants), a history of head injury with loss of consciousness, psychiatric or supraspinal neurologic disorders, insulin-dependent diabetes mellitus, renal or hepatic disease, uncontrolled hypertension (systolic blood pressure Ͼ 160 mmHg, or diastolic pressure Ͼ 105 mmHg), a body weight greater than 150% of ideal weight for height, or if they were scheduled to undergo cardiac, vascular, or cranial neurosurgical procedures. Each site enrolled between 35 and 70 patients.
Electroencephalogram Acquisition
The PSA 4000 (Physiometrix, Inc., N. Billerica, MA) was used for acquiring electroencephalogram and displaying the PSI values. A disposable electroencephalogram electrode appliance (PSArray 1 ) was affixed after arrival in the preoperative holding unit. The appliance is composed of a self-adjusting flexible head strap which serves to position and hold the Ag/AgCl electroencephalogram recording electrodes at the internationally defined electroencephalogram recording locations of FP1, FPZ, 1 Cz, Pz, and ground (FP2), referenced to linked ears. The data were bandpass filtered to 0.5-70 Hz and sampled at a rate of 250 Hz. Recording electrode impedance was continuously monitored and alarmed when values were greater than 15°K ohms (average values were Ͻ 7°K ohms for all electrode sites). Ultra-isolation, optimized filtering, oversampling, and shielding were used to minimize sensitivity to electromagnetic interference in the operating room (OR) environment. The PSA 4000 can display the electroencephalogram traces acquired from all recording sites, continuously updated current PSI values, and color-coded trajectories of PSI values across time.
Subject Groups
A total of 347 patients were enrolled in the study. The initial 44 patients were assigned to a historical control (HC) group. This group was used to establish standard clinical practice of the participating anesthesiologists prior to any experience with intraoperative electroencephalogram guidance using the PSA 4000. The anesthesiologists were blinded to the PSI values obtained during the administration of anesthesia to this group of patients. The next 58 patients were enrolled in the training group. For this group, anesthesiologists administered anesthesia using standard practice guidelines but were allowed to view the PSA 4000 display. The purpose of this group was to familiarize the anesthesiologists with the PSA 4000 and to demonstrate how to use the PSI for guidance as defined in the research protocol. The remaining 245 patients were randomly allocated to either a standard practice control (SPC) group (n ϭ 122) or a PSImonitored group (n ϭ 123). For the SPC group, anesthesiologists were instructed to adjust the dose of propofol according to standard practice guidelines and were blinded to the PSI information. Anesthetics administered to patients enrolled in the PSI group were guided by the PSI measure, as described below. Table 1 shows the distribution of these patients by site for enrollment and completion of the protocol. A total of 306 patients (HC, n ϭ 35; training group, n ϭ 47; SPC, n ϭ 112; PSI, n ϭ 112) completed the protocol and are reported on herein. Table 1 gives the reasons for noncompletion by site. Demographic data for the 259 patients in the 3 groups analyzed in the study (HC, SPC, and PSI) are presented in table 2.
Anesthetic Protocol
All patients studied received a propofol-alfentanil-nitrous oxide anesthetic, following the protocol described by Gan et al. 7 Propofol and alfentanil were administered using a Harvard Medical dual infusion pump (Harvard Apparatus Inc., South Natick, MA). Noninvasive blood pressure, electrocardiogram, and any other surgically indicated vital signs were obtained.
Preinduction. All patients received 1-2 mg intravenous midazolam and a Ն 500-ml bolus of lactated Ringer's solution. Continuous electroencephalogram monitoring was initiated after the patient was transferred to the OR; electroencephalogram recording was performed for about 5 min prior to induction of anesthesia and continued until the patient responded to command at the end of the anesthetic (and further when possible).
Induction. Anesthesia was induced with 1-2 mg/kg of propofol and Յ 30 g/kg of alfentanil. During induction, the patient's arousal level was assessed every 15 s using a modified Observer Assessment of Alertness and Sedation scale (OAA/S), 10 shown in table 3. After loss of consciousness, patients breathed via a laryngeal mask airway or a muscle relaxant was administered and an endotracheal tube placed.
Maintenance. The maintenance phase of anesthesia was initiated using 140 g · kg Ϫ1 · min Ϫ1 of propofol, 0.5 g · kg Ϫ1 · min Ϫ1 of alfentanil, and nitrous oxide at 50%. Muscle relaxation, used at the discretion of the anesthesiologist, was adjusted to maintain a minimum of two out of four twitches as judged by a train-of-four monitor. The further conduct of each anesthetic depended on the study group to which the patient was assigned.
In the SPC group, hypertension, tachycardia, or somatic signs of inadequate anesthesia during the maintenance phase were managed with increased dosages of alfentanil, propofol, or an antihypertensive at the discretion of the anesthesiologist. Hypotension and bradycardia were managed by appropriate dose reductions, adjustments of fluid status, or other needed pharmacologic agents.
In the PSI group, the anesthesiologists were instructed to adjust the infusion of propofol to maintain a PSI target range between 25 and 50. Signs of inadequate analgesia were to be treated with increased doses of alfentanil. Hypotension was treated by decreasing the dose of alfentanil. The administration of other pharmacologic agents was the same as in the SPC group.
Emergence. Approximately 15 min prior to the anticipated completion of the surgical procedure, anesthesia was reduced in both the SPC and the PSI groups, at the anesthesiologist's discretion, to achieve rapid recovery. At this time, in the PSI group, the alfentanil was discontinued and the propofol infusion rate was adjusted to maintain a PSI of 50 -60. This period of time was defined as the emergence phase and extended to 5 min prior to the completion of surgery. At this time, both propofol and nitrous oxide were discontinued for both the SPC and PSI groups in order to facilitate patient arousal and extubation.
In the HC group, the anesthesiologist adjusted propofol, nitrous oxide, and alfentanil delivery based on standard clinical assessments and practice for induction, maintenance, and emergence.
Intraoperative Events and Endpoints
During the maintenance and emergence phases of anesthesia for both the SPC and PSI groups, unwanted somatic and autonomic responses were recorded as defined in table 4. After noting each occurrence, unwanted responses were treated with changes in the alfentanil or propofol infusion rates as described in the protocol above. The use of nonanesthetic agents was permitted only after changes in the anesthetic agents failed to return the unwanted autonomic responses to the accepted range while maintaining the PSI within the prescribed limits.
The recovery phase of anesthesia was defined as beginning after the discontinuation of propofol and nitrous oxide and extended to eligibility for discharge from the postanesthetic care unit (PACU). Anesthetic recovery was assessed by recording the following efficacy endpoints: (1) verbal command response time, defined as the length of time between the end of propofol infusion and when the patient first responds to simple verbal commands (such as, "squeeze my fingers"); (2) emergence time, defined as the length of time between the end of propofol infusion and when the patient responded to the command to open eyes; (3) extubation time, defined as the length of time between the end of propofol infusion and tracheal extubation; (4) OR recovery time, defined as the time interval between the end of propofol infusion and initial eligibility for transfer to the PACU (based on achieving a score of 9 or better using the Aldrete scoring system 11 ); and (5) PACU recovery time, defined as the interval between the end of propofol infusion and eligibility for PACU discharge. Eligibility for PACU discharge was based upon reaching acceptable levels of pulse rate, blood pressure, respiration rate, oxygen saturation, cardiac rhythm, temperature, alertness, nausea, and pain. Memories of intraoperative events or reports of awareness were queried at follow-up performed at 24 h (Ϯ 12 h). Total amounts of alfentanil and propofol delivered to each patient during the maintenance phase of the anesthetic delivery and numbers of unwanted somatic and hemodynamic events were also recorded.
Statistical Analyses
Sample size estimates were based upon the reduction in the duration between the end of surgery (discontinuation of anesthesia) and the first time the patient responds to commands, in patients actively monitored with the device, compared with patients whose device results were not monitored. With 200 total patients (100 patients per treatment arm), the power to detect a 4-min reduction in time to respond to commands (SD of 6 min 40 s) between the two treatment arms would be greater than 90%, assuming a two-sided hypothesis testing and a type I error rate of 5%. Given a potential nonevaluability-dropout rate of 20%, 240 patients (120 per treatment arm) were randomized in the study. Mean values and standard deviations were presented for each of the demographic values for the HC, SPC, and PSI groups of patients. Three-way analyses of variance were used to test for differences in demographic features between the three groups of patients. Three-and two-way analyses of variance were used for group comparisons for all anesthesia efficacy endpoints defined for this study. Duncan multiple comparisons were used to compare pairs of groups when three-way analyses of variance were significant. For all comparisons, P Ͻ 0.05 was considered statistically significant.
No significant site differences or group by site interactions were found for any of the endpoint measures. Therefore, all analyses were done collapsed across sites.
Results
Demographic data for the 259 study patients used in the statistical analyses are presented in table 2. No significant differences in any of these measures were found across the three groups of patients. Table 5 shows the efficacy and recovery endpoints by patient group. Verbal response time, emergence time, extubation time, and eligibility for OR discharge time were all found to be significantly shorter for the PSImonitored group as compared with both the HC (P Ͻ 0.001) and SPC (P Ͻ 0.05 or P Ͻ 0.01) groups. In comparing patients in the SPC and HC groups only, extubation time reached significance (P Ͻ 0.05). The normalized propofol infusion rates were less in the PSI group than in the HC (P Ͻ 0.01) or SPC (P Ͻ 0.01) groups, which did not differ significantly from each other (P Յ 0.37). The alfentanil infusion rates used within each group were not significantly different from each other (P Յ 0.72). PACU discharge times did not OR ϭ operating room; PACU ϭ postanesthesia care unit.
reach statistical significance (P Յ 0.72). Figure 1 shows the cumulative percentage of patients who reached verbal response endpoint as a function of time since the end of propofol infusion, separated by each group. The PSI group reached 100% (by 10 min) before the other two groups, and the SPC group reached 100% (by 20 min) before the HC group (more than 45 min).
As can be seen in table 6, there were no significant differences found between the three patient groups in the number of unwanted somatic or hemodynamic events that occurred during the course of anesthesia. There was no incidence of reported awareness or memories in any patient in any group.
Discussion
This study demonstrates that guidance for the titration of propofol infusion resulted in significantly decreased propofol use when compared with both HC and SPC patient groups. Further, PSI monitoring resulted in significantly faster recovery from anesthesia, defined in terms of the amount of time needed before consciousness was regained and when the patient was responsive enough to be extubated and eligible for discharge from the OR. Thirty-seven percent of the PSI group had verbal response times less than 5 min after end of propofol infusion, compared with 26% in the SPC group and 9% in the HC group. The differences between groups can more clearly be seen in figure 1. These endpoints were achieved without increasing unwanted somatic events or hemodynamic instability. In fact, although not significant, it can be seen in table 6 that the PSI-monitored patients showed a tendency toward fewer "unwanted movements" (38% less) during maintenance than the SPC group, suggesting that guided delivery of anesthesia contributed to reduction of such unwanted events during maintenance. In general, these findings replicate earlier results utilizing the BIS index described by Gan et al. 8 and indicate that multivariate descriptors of electroencephalogram-derived features other than BIS can be used to achieve this goal.
The significant, though modest, group difference seen in this study should be considered in the context of "learning contamination bias." Previous studies 7, 12 have emphasized that prior learning can play a significant role in the introduction and testing of new monitoring technologies. Several of the investigators in the present study had experience in anesthetic delivery monitoring utilizing the BIS index prior to initiating the present study. This may be reflected in comparisons of emergence time endpoints found for HC, SPC, and BIS-PSI-monitored groups of patients and also between the present study and data presented by Gan et al. 7 (table 7) . It can be seen in the present study that HC emergence times were substantially less than those obtained by Gan et al. and were essentially equivalent to their SPC time endpoints. The SPC emergence time endpoints in the present study were less than those Gan et al. 7 reported, while the emergence endpoints obtained after either PSI of BIS monitoring appear to be equivalent. (Note: statistical significance could not be assessed for this table since the standard deviations were not available for the BIS group.) However, the fact that significant findings were 37  23  14  Hypertension  54  57  56  Hypotension  91  91  90  Tachycardia  29  38  41  Bradycardia  49  61  53 * No significant differences were found between groups for any cell. † Includes only somatic events which were movements and which occurred during maintenance phase. obtained despite possible prior learning effects suggests the possible clinical utility of such monitoring. In both our study and that by Gan et al., 7 specific criteria for decreasing propofol infusion rates were followed in the guided but not the control group. During a fixed infusion rate, propofol plasma concentrations will increase for several hours until steady state is achieved. Systematic failure to reduce the infusion rate during prolonged periods of adequate anesthesia in the SPC group may have resulted in higher propofol concentrations than necessary and consequently a delayed emergence. The introduction of electroencephalogram-based monitoring systems to provide such guidance may reduce the amount of anesthetic used and decrease recovery time when used as an adjunct to current standard clinical practice. raw and quantitative electroencephalograms recorded from normal, psychiatric, neurologic, and surgically monitored patients. 13 Statistical descriptors have been computed for the age-dependent normative distributions of numerous quantitative measures (quantitative electroencephalogram) extracted from these recordings. These normative values have been shown to have high reliability, specificity, sensitivity, and significantly high test-retest replicability, as well as no ethnic or cultural bias. The Brain Research Laboratories database also provided a library of the characteristics of artifact, nonelectroencephalogram signals that were used to develop algorithms for automatic identification and real-time exclusion of artifact from subsequent data processing.
Database II was derived from continuous electroencephalogram recordings made in a large population of patients undergoing general anesthesia with a variety of agents, administered under standard clinical practice. Each procedure was carefully documented for anesthetic, hemodynamic, and surgical events. In each case, quantitative electroencephalogram features were extracted under defined states and conditions. These features (approximately 2,500 per session) included spectral and bispectral measures of power and coherence and were used to form a new database documented for state of consciousness. Systematic exploration of this database was used to identify a subset of features that changed in an invariant way with deepening levels of sedation-hypnosis and loss of consciousness and reversed with return of consciousness. 3 Candidate measures were further explored using multivariate analysis to form mathematical classifier functions estimating the most probable level of consciousness. Candidate classifier functions were evaluated retrospectively for correlates of depth of sedation-hypnosis, as defined by the attending anesthesiologist. Details of the construction of this database and the retrospective analysis are given elsewhere. 1 Database III was derived from electroencephalogram recordings made during 64 procedures in which various anesthetics were administered incrementally (0.1 minimum alveolar concentration steps to loss of consciousness and return of consciousness) to healthy volunteer subjects. Quantitative electroencephalogram and clinical measures extracted from this database were used to assist in the calibration of the PSI.
Algorithm Processing
The basic steps in the computation of the PSI are shown in figure 3 . Electroencephalogram recordings are collected from two anterior (FPI and FPZ'), a midline central (Cz), and a midline posterior (Pz) scalp location, referenced to linked ears, utilizing circuitry optimized to Electroencephalogram signals are then processed by a series of artifact detection algorithms, allowing the identification of artifact-free "epochs" of electroencephalogram data. An additional algorithm detects electroencephalogram suppression, excludes these data from further algorithmic processing, and is used to compute a suppression ratio. This ratio can be monitored via the instrument's user interface and is taken into account by the PSI algorithm.
Electroencephalogram data in 1.25-s epochs is frequency transformed into subbands, including ␦, , ␣, ␤, ␥, and total power (0.5-50 Hz).
The set of features found to account for most statistical variance related to hypnotic state (selected from studies reviewed above) were derived for input to the discriminant algorithm (proprietary). These features included measures such as:
• absolute power gradient between frontopolar and vertex regions in ␥ • absolute power changes between midline frontal and central regions in ␤ and between midline frontal and parietal regions in ␣
• total spectral power in the frontopolar region
• mean frequency of the total spectrum in midline frontal region • absolute power in ␦ at the vertex • posterior relative power in slow ␦ All features used in the computation of the PSI are transformed to obtain Gaussianity, an essential step in conforming to the statistical assumptions necessary for legitimate interpretation of the multivariate statistics utilized in computation of the PSI.
Every element in the set of critical features is transformed to a standard score (Z-score) relative to its distribution in a specific reference state and expressed as the probability of deviation from that state. The current values of these standardized scores are the inputs to the constantly updating calculation of the PSI value. The PSI is the ratio of the probability that the observation belongs to the reference state versus the sum of the probabilities that the observation belongs to either the reference state or to a different level of arousal. Thus, the PSI value can range from 0 to 100.
Two "observer" functions, sensitive to the suppression ratio and to abrupt changes in level of sedation, modulate the PSI algorithm. For optimal sensitivity, these observers are "self-normed" relative to the individual patient's baseline. These functions and the adjusted PSI are updated every 1.25 s. These updates are filtered and decimated into a sliding window, in a manner appropriate for optimal viewing characteristics, leading to an update of the global PSI trend every 6.4 s.
